There is a perception that Gram-negative bacilli (GNB) bloodstream infection is increasing in the NICU, and those infections caused by a multidrug-resistant (MDR) strain are a growing threat to hospitalized patients.
Bacteremia is a common complication of neonates with a long duration of hospitalizationintheNICUandisassociatedwith additional costs, morbidity, and long-term adverse outcomes. 1, 2 Although the most common pathogen in the NICU is Grampositive coccus, the incidence of bacteremia caused by Gram-negative bacilli (GNB) has increased in the past decades, 3 and GNB bacteremia is often associated with a higher mortality rate. [3] [4] [5] The emergence of multidrug resistance (MDR) among these organisms deserves particular concern, because treatment options of antimicrobial agents for an MDR strain are often limited and inappropriate initial antibiotics will predispose these neonates to an especially high risk of severe sepsis and a poor outcome. 6, 7 When a preliminary blood culture reveals growth of a GNB species, clinicians require additional guidance in deciding whether the patient can be treated safely with first-line antimicrobial agents. Most current studies have focused on the molecular epidemiology and possible transmission route of MDR GNB in NICU patients, [8] [9] [10] [11] and clinical data with regard to MDR GNB have only been available in small case series or on a single outbreak. 12, 13 Understanding the characteristics that differentiate critically ill neonates at risk of infection due to MDR GNB from those caused by a non-MDR strain will assist clinicians with an early treatment decision for GNB bacteremia. We therefore conducted this study to assess the incidence of, risk factors for acquisition, antibiotic therapy for, and outcomes of MDR GNB bacteremia in NICU patients.
METHODS

Setting, Patients, and Study Design
This study was carried out in the NICU of Chang Gung Memorial Hospital, a university-affiliated teaching hospital in northern Taiwan. The NICU contained a total capacity of 49 beds equipped with ventilator and 58-beds of special care nurseries. All infants ,34 to 35 weeks' completed gestation, with a birth weight ,2 kg or .5 kg, or with any clinical signs of respiratory distress or cardiovascular, gastrointestinal, or neurologic problems requiring surgical or intensive treatment were eligible to admission in our NICU. From January 2004 to December 2011, all hospitalized neonates with at least 1 episode of bacteremia caused by GNB were included in the study. A neonatology specialist recorded all basic information on inpatient admission, including demographic characteristics, brief hospital course, all nosocomial infections, and discharge diagnosis every weekday beginning before January 2004. This prospectively collected neonatal database contained microbiologic databases, and all neonates corresponding to the study definition were retrieved from this database.
To identify risk factors for MDR GNB infection, all enrolled patients were divided into 2 groups: patients with bacteremiadue toanMDR GNB and those with bacteremia due to a non-MDR GNB. If multiple episodes of GNB bacteremia occurred in an individual during the study period, the subsequent episode that occurred ,1 month after the previous episode of GNB bacteremia was excluded from the analysis. We also compared patients who died with those who survived to determine the independent risk factors for mortality.
More detailed information, including the presence of a central venous catheter, use of mechanical ventilation and total parenteral nutrition, antimicrobial therapy in the 30 days preceding infection, and treatment courses for bacteremia, were retrospectively reviewed from the medical records. Severity of illness was evaluated at the onset of each episode of bacteremia by using the Neonatal Therapeutic Intervention Scoring System. 14 Outborn infants who had been hospitalized in another hospital for ˃2 weeks and those whose detailed hospital courses were missing or unavailable were excluded from analysis. All recorded data describing the bacteremia episodes were reviewed by 2 investigators (S.-M.C. and J.-F.H.) for face validity. This study was approved by the institutional review board of Chang Gung Memorial Hospital, with a waiver of informed consent.
Definitions
Criteria from the Centers for Disease Control and Prevention were applied to define neonatal bacteremia. 15 Patients were considered to have an MDR infection in the following situations: (1) extended-spectrum b-lactamase (ESBL)-producing Enterobacteriaceae, (2) microorganisms with intrinsic resistance mechanisms such as Stenotrophomonas maltophilia, and (3) MDR strains including Pseudomonas aeruginosa and Acinetobacter baumannii. MDR strains were defined as those resistant to at least 1 agent in $3 of the following antimicrobial categories: carbapenems (imipenem and meropenem), penicillins (piperacillin, ticarcillin, and piperacillin/ tazobactam), broad-spectrum cephalosporins (ceftazidime and cefepime), monobactams (aztreonam), aminoglycosides, and fluorquinolones. 16 In cases of polymicrobial bacteremia, which was defined as .1 microorganism identified from a single set of blood culture, 17 the episode was defined as an MDR GNB case if 1 of the isolates was an MDR GNB strain.
All comorbidities of prematurity, including respiratory distress syndrome, intraventricular hemorrhage, bronchopulmonary dysplasia, necrotizing enterocolitis, and periventricular leukomalacia, were defined on the basis of the latest updated diagnostic criteria in the standard textbook of neonatology. 18 Shock was defined as a mean blood pressure ARTICLE less than the lower limit according to gestational age that was unresponsive to fluid treatment or required vasoactive agents. 19 Congenital infection and early-onset sepsis were defined as a definite infectious focus and septicemia that occurred within the first 3 days of life. 3 Previous antibiotic therapy was defined as systemic antibiotic use for .72 hours in the preceding 30 days before bacteremia onset. Empirical antibiotic therapy was considered to be inappropriate if the treatment regimen did not include at least 1 antibiotic that was active in vitro against the infecting microorganisms within 24 hours of blood culture collection. Infectious complications were defined as a newly infectious focus or persistent organ dysfunction occurring within 1 week and directly related to bacteremia but not concurrent with the onset of bacteremia. Early case-fatality rate was defined as death within 7 days of the bacteremic episode, and overall casefatality rate was defined as death by any cause within 30 days of the onset of bacteremia.
Microbiologic Studies and Antibiotic Policy of Our NICU
In our NICU, empirical antibiotics were prescribed for the coverage of both Gram-positive and Gram-negative organisms, usually oxacillin or vancomycin plus cefotaxime or gentamicin, once late-onset sepsis was suspected. Antimicrobial regimens were modified at the attending physician' s discretion, mostly according to the results and antibiotic susceptibility patterns of blood cultures. The identification of all causative microorganisms was performed by using standard microbiologic methods. Antibiotic susceptibility patterns were determined according to methods recommended by the National Committee for Clinical Laboratory Standards Institute (CLSI) for disk diffusion method, and categorical assignment was carried out by using CLSI breakpoints. 20 The following agents were tested: ertapenem, imipenem, meropenem, cefepime, ceftazidime, cefotaxime, aztreonam, piperacillin/tazobactam, amoxicillin/clavulanate, ciprofloxacin, levofloxacin, gentamicin, amikacin, and flomoxef. ESBL production was screened and confirmed in all isolates with a profile suggestive of resistance by performing a double-disc synergy test according to CLSI guidelines. 21 The presence of bla SHV , bla DHA , bla CMY , and bla CTX-M genes was investigated by polymerase chain reaction amplification, as previously described. 22, 23 The molecular characterization of ESBL GNB was typed by infrequent-restriction-site polymerase chain reaction, and restriction patterns were analyzed by applying previously established criteria. 23 
Statistical Analysis
Categorical variables were compared by using the x 2 test or Fisher' s exact test; odds ratios (ORs) and 95% confidence intervals (CIs) were calculated. Continuous variables were compared by the Mann-Whitney U test and the t test, depending on the distributions. Multivariate logistic regression analysis of factors potentially associated with MDR GNB acquisition and mortality included all statistically significant variables with P , .1 in univariate analysis, gender and gestational age, and all clinically important variables, whether or not they were statistically significant. Measures of goodness-of-fit were obtained to assess the performance of the models. The analysis was performed by using the stepwise logistic regression model of SPSS, version 15.0 (IBM SPSS Statistics, IBM Corporation, Armonk, NY).
RESULTS
During the study period, a total of 1106 episodes of bacteremia were recorded. Three hundred ninety-three (35.5%) of them were caused by GNB in a total of 333 neonates. Seventeen episodes of GNB bacteremia were excluded from the analysis because they occurred ,1 month after the previous episode of GNB bacteremia. Of the 376 episodes of GNB bacteremia enrolled into analyses, 70 (18.6%) were caused by an MDR strain. In the case and control groups, there were 70 episodes in 61 patients and 306 episodes in 278 patients (9 and 22 of these patients, respectively, experienced .1 episode of GNB bacteremia). There were 6 patients with multiple episodes of GNB bacteremia caused by both an MDR and a non-MDR strain.
Of the 70 episodes of MDR GNB bacteremia (Table 1) , 47 (67.1%) were ESBL-producing bacteria, including Klebsiella pneumoniae (n = 28; 59.6%), 
Escherichia coli (n = 9; 19.1%), Klebsiella oxytoca (n = 6; 12.8%), and Enterobacter cloacae (n = 4; 10.6% . Four non-ESBL-producing isolates, including 3 E coli and 1 E cloacae cases were found to be resistant to monobactams, aminoglycoside, and broadspectrum cephalosporin. The remaining MDR GNB non-Enterobacteriaceae were, in order of frequency, as follows: P aeruginosa (n = 9), A baumannii (n = 5), S maltophilia (n = 3), and Chryseobacterium meningoseptium (n = 2). Two cases of A baumannii were of a pandrug-resistant strain. 16 All other A baumannii and P aeruginosa were resistant to most b-lactam antibiotics but were susceptible to carbapenems. S maltophilia strains were susceptible only to cotrimoxazole and ciprofloxacin. C meningoseptium isolates were susceptible only to ciprofloxacin and piperacillin/tazobactam. Among the above isolates, 9 (12.9%) were the polymicrobial bacteremia episodes. The GNB isolates in the non-MDR GNB group are summarized in Table 1 .
Baseline and demographic characteristics of the neonates with MDR GNB and non-MDR GNB bacteremia are shown in Table 2 . Variables including birth weight, gestational age, gender, perinatal history, and most underlying chronic conditions were similar between these 2 groups. The presence of underlying neurologic sequelae, renal disease, previous episode of bacteremia, use of total parenteral nutrition and/or intralipid, central venous catheter, and antibiotic therapy with several classes of antibiotics within 1 month before bacteremia were more frequently found among the MDR GNB group. In addition, infants in the MDR GNB group had a significantly higher rate of being outborn than those in the non-MDR GNB group (P = .009). After applying a logistic regression model (Table 3) , the only independent risk factors for MDR GNB acquisition were Clinical manifestations, antibiotic treatment, and patient outcomes are summarized in Table 4 . Infants with MDR GNB bacteremia had a significantly higher rate of septic shock than those with non-MDR GNB bacteremia (40% vs 22.2%; P = .002). Otherwise, no significant differences in terms of clinical manifestations were found. All of the patients received empirical antibiotics within a few hours after blood culture collection, and there were no significant differences between groups regarding the most frequently used antibiotic type, except that the mostused broad-spectrum antibiotic combination, namely carbapenem plus vancomycin or teicoplanin, were more frequently prescribed in the MDR GNB group (18.6% vs 9.2%; P = .023). Infants with MDR GNB bacteremia more frequently received inadequate initial empirical antibiotic treatment when compared with the susceptible control group, and the time to adequate antibiotic therapy was also longer (42.7 6 16.8 versus 4.5 6 10.8 hours; P , .001).
Although the duration of mechanical ventilation and hospitalization was comparable between the 2 groups, bacteremia due to MDR GNB was associated with a poorer outcome and with significantly higher rates of infectious complication, early case fatality, and overall case fatality.
The results of univariate and multivariate analyses of factors potentially associated with overall case fatality are summarized in Tables 2-5 were still consistent over time (data not shown).
DISCUSSION
In this study, we found that MDR GNB bacteremia was not uncommon in the NICU and accounted for nearly one-fifth of all episodes of GNB bacteremia. This study reveals that acquisition of MDR GNB bacteremia is not associated with extremely low birth weight, being born extremely preterm, perinatal complications, or most underlying chronic conditions, but is associated with underlying renal disease and previous antibiotic exposure to third-generation cephalosporin and carbapenem. The most common mechanism of antimicrobial resistance in the NICU was ESBL production. In addition, neonates with MDR GNB were more likely to receive inappropriate antibiotics and develop infectious complications, which were independently associated with a higher overall case-fatality rate.
Previous studies have identified very low birth weight (,1000 g), being born extremely preterm, and prolonged exposure to antimicrobial agents as the independent risk factors associated with resistant Enterobacteriaceae infection in critically ill neonates. [24] [25] [26] [27] However, some of these associations were not observed in this study, and we further identified antibiotic exposure of third-generation cephalosporin and carbapenem within 1 month before GNB bacteremia as the independent risk factor. These diverse results can be explained by the different definitions of a resistant GNB isolate, [24] [25] [26] [27] different study designs, 24,25 different empirical antibiotic policies, and different inclusion criteria (nosocomial infection instead of bacteremia in the other studies). 24, 25, 27 Previous antibiotic therapy has been recognized to be significantly related to bacterial resistance development, [24] [25] [26] [27] [28] but all issues regarding appropriate control group selection, case definition, description of previous antibiotic exposure, and adjustment for confounding factors should be refined. Therefore, a prospective study should be conducted to investigate the impact of specific antibiotic type, treatment duration or total dosage in grams, and interval on the development of neonatal MDR GNB and the colonization and risk of subsequent bacteremia. 29 In the current study, we found significantly higher rates of infectious complications and early and overall case fatality for the infants with MDR GNB bacteremia, which is consistent with previous reports. [30] [31] [32] The durations of mechanical ventilation and hospitalization were comparable between the MDR GNB group and the controls, but these results may be masked by the higher proportions of neonates in the MDR GNB group who died within 30 days after the onset of bacteremia. Although inappropriate empirical antibiotic therapy has been related to higher mortality in GNB bacteremia, [31] [32] [33] we were unable to establish a direct association between increased mortality in neonates with MDR GNB bacteremia and a delay in appropriate antibiotics. We found initial inappropriate antibiotic therapy to be significantly related to overall mortality (OR: 2.35; 95% CI: 1.23-4.51; P = .010) and infectious complications (OR: 3.27; 95% CI: 1.71-6.23; P , .001) but not early case-fatality rate. On the basis of the current study, we suspected that although most neonates with MDR GNB bacteremia can survive the first week even after receiving inappropriate antimicrobial therapy initially, some of them would have a significantly higher risk of progressively clinical deterioration, infectious complications, or an additional episode of nosocomial infection, which may lead to an adverse outcome.
According to the clinical presentations and laboratory findings (data not shown) in the current study, infants with GNB bacteremia caused by an MDR strain could not be differentiated from those with GNB bacteremia caused by a non-MDR strain until the results of antimicrobial susceptibility were available. Although a significantly higher rate of septic shock was noted in infants with MDR GNB bacteremia, not all of these cases were due to initial inappropriate antibiotics. Clinical outcomes of these neonates were not only affected by the initial empirical antibiotic therapy but also by the pathogens and host factors 34 such as underlying conditions or immunity of the patients, concomitant infectious focus, and retaining or removal of infected catheters or endotracheal tubes. Molecular analysis of ESBL-producing strains in the current study showed uncommon, horizontal patient-to-patient transmission in our NICU, because most of these ESBL-producing strains were different strains. These results were compatible with our finding that broadspectrum antibiotic selection was highly associated with MDR GNB bacteremia in our NICU. However, several clonal strains of ESBL-producing K pneumoniae and E coli were identified over a period of 2 to 8 months, suggesting their prolonged existence in the NICU environment or long-term colonization. Therefore, both infection control measures and applying new empirical antibiotic policies, especially decreased usage of broad-spectrum cephalosporin, may help to reduce the incidence of MDR GNB colonization and outbreak. 35, 36 Our results suggested that initial antimicrobial regimen could be based on previous antibiotic use, and local surveillance data and local NICU antibiograms are recommended for the optimization of initial antibiotic choice. 37, 38 There were some limitations to this study. Because our data source was only a single institution, there might be different epidemics in other centers, although a large cohort of bacteremias were studied in this research. Because our cases of MDR GNB included many varieties of both Enterobacteriaceae and non-Enterobacteriaceae, the influences of different types of microorganisms on clinical manifestations and outcomes were not studied.
ACKNOWLEDGMENTS
The authors thank Mrs Chiao-Ching Chiang for maintaining the database of our NICU and all nursing staff working in our NICUs for keeping extremely detailed patient records, which contributed greatly to the completion of this research. Miss Hsiao-Jung Tseng and Mr Yu-Jr Lin helped with statistical analysis. 
